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ABSTRACT Synaptotagmin 1 (Syt1) is the Caþ2 receptor for fast, synchronous vesicle fusion in neurons. Because membrane
fusion is an inherently mechanical, force-driven event, Syt1 must be able to adapt to the energetics of the fusion apparatus. Syt1
contains two C2 domains (C2A and C2B) that are homologous in sequence and three-dimensional in structure; yet, a number of
observations have suggested that they have distinct biochemical and biological properties. In this study, we analyzed themechan-
ical stability of the C2A and C2B domains of human Syt1 using single-molecule atomic forcemicroscopy.We found that stretching
the C2AB domains of Syt1 resulted in two distinct unfolding force peaks. The larger force peak of ~100 pN was identiﬁed as C2B
and the second peak of ~50 pN as C2A. Furthermore, a signiﬁcant fraction of C2A domains unfolded through a low force interme-
diate that was not observed in C2B. We conclude that these domains have different mechanical properties. We hypothesize that
a relatively small stretching force may be sufﬁcient to deform the effector-binding regions of the C2A domain and modulate the
afﬁnity for soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptors (SNAREs), phospholipids, and Caþ2.INTRODUCTION
Biological systems have evolved a relatively small set of
proteins known as soluble N-ethylmaleimide-sensitive factor
(NSF) attachment protein receptors (SNAREs) to catalyze
the fusion of cargo-containing phospholipid vesicles with
a target membrane. The assembly of the SNARE proteins
(synaptobrevin, syntaxin, and SNAP-25) into a parallel
four-helix bundle at the vesicle docking interface provides
the free energy required in its role as the fusion engine for
exocytosis (1–3). Synaptotagmin 1 (Syt1) is a vesicle-associ-
ated protein that interacts with the SNARE complex (4,5),
and is thought to fine-tune the probability of calcium-ion
dependence of release (6).
The very nature of exocytosis, that is, the fusion of juxta-
posed phospholipid membranes, implies a great deal of
mechanical force. For example, the interaction of forces
among the three protein components of the SNARE complex
have been measured by single-molecule atomic force micros-
copy (AFM) to be in excess of 285 pN (7,8). Because the Syt1
protein directly interacts with the SNARE complex, it must be
able to adjust its structure to this highly mechanical, force-
driven framework. In this work, we used single-molecule
AFM to study the mechanical properties of the tandem C2
domains (C2A and C2B) of human Syt1, because these
domains are the Caþ2/phospholipid and SNARE interacting
portion of the Syt1 protein (Fig. 1 A).
The SNARE binding region of Syt1 localizes to the polyba-
sic b4 strand of C2A and the Caþ2-binding loop 1 of C2B (4),
whereas the calcium ions localize to a cup-like depression
formed from three loops (loops 1, 2, and 3) at the apex of
both C2A and C2B (9). Only loops 1 and 3 in the C2 domain
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nate the cation. The apex of loops 1 and 3 of the C2 domains
of Syt1 possess hydrophobic residues that insert into the
phospholipid membrane (10) and may directly contribute to
the fusion process (11). At the core of the C2 domain is a
Greek-key folding motif that is conserved among all C2
domains (12). Although the strand connectivity is markedly
different, the secondary structure and overall fold of the C2
domain is similar to other b-sandwich proteins that have
structural and mechanical roles. Similar proteins include,
for example, titin (13–15), fibronectin (16), and neural cell
adhesion molecules (17).
The primary sequences of the C2 domains of human Syt1
are 31% identical (56% similar) to each other. The x-ray
crystal structures of both the isolated C2A (12) and C2B
(18) domains superimpose with a root mean-square deviation
of 2.0 A˚. Despite having similar structural characteristics, the
tandem C2 domains of Syt1 differ in their biochemical and bio-
logical functions (19). Studies have demonstrated that the C2A
and C2B domains participate at different stages in exocytosis
(20), have different affinities for phospholipids (21), and differ
in their selectivity for highly charged inositol compounds (22).
In addition, our recent high-resolution crystal structure of
human Syt1 C2AB shows that the C2B domain of Syt1 can
affect the shape of the Caþ2-binding pocket of C2A, thus
potentially modifying its Caþ2/phospholipid binding potential
(9). To our knowledge, it is presently unclear how these dispa-
rate biological observations for binding and function can result
from the tandem domain organization of Syt1.
Because the three-dimensional structure and the biochem-
ical characterization of these two domains do not provide
a clear explanation for this disparity in biological behavior,
one hypothesis is that the biophysical properties of C2A and
C2B are fundamentally different. In this study, we compared
doi: 10.1016/j.bpj.2008.10.025
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Syt1. Stretching a construct containing a C2AB fragment
resulted in two distinct unfolding force peaks. The larger force
peak of ~100 pN was identified as C2B. The second peak,
which unfolded at ~50% lower forces, was identified as
C2A (~50 pN); in addition, ~40% of C2A domains unfold
through a mechanical intermediate. Hence, our data show
that C2A and C2B have significantly different mechanical
properties. This feature of the molecule may be important
for the C2 domains of Syt1 to respond asymmetrically to
effectors such as SNAREs, phospholipids, and Caþ2.
MATERIALS AND METHODS
Cloning and expression of C2A and C2AB- I27
protein chimeras for AFM experiments
The C2A domain of human Syt1(residues 140–265) and the C2AB domain of
human Syt1 (residues 140–414) were amplified from our GST-Syt1 expres-
sion vector by polymerase chain reaction (PCR), using the following primers:
FIGURE 1 Equilibrium denaturation for Syt1 C2AB and titin I27
domains. (A) X-ray structure of human Syt1 C2AB showing the position
of solvent-accessible (yellow) and buried tryptophan residues (orange).
The left domain (green) is C2A. Caþ2/phospholipid binding loops are
labeled in C2A as loop 1, 2, and 3. The blue domain is C2B. (B) NMR struc-
ture of I27; the buried Trp is shown in orange. (C) Chemical denaturation
curves for human Syt1 C2AB domains (black squares) and titin I27 domain
(gray circles). The data were fit by a simple sigmoid. The black horizontal
line demarcates the point at which 50% of the normalized fluorescent signal
[D]50%. The estimated [D]50% are ~1.6 M for C2AB and 2.7 M for I27.Biophysical Journal 96(3) 1083–109050-GCGCGCGAGAAACTGGGAAAACTTCAG-30 (forward primer for
C2A and C2AB)
30-GATCACTAGTACTTTGCAGGTCACGCCATTC-50 (reverse primer
for C2A)
30-GATCACTAGTTTACTTCTTGACGGCCAGCA-50 (reverse primer
for C2AB)
The PCR products were gel purified and cloned into the pDrive direct cloning
vector (Qiagen, Germantown, MD). Each clone was excised from pDrive with
BssHII and SpeI and then subcloned into a modified version of the pRSETA
vector, which includes a His-tag at the N-terminus (23). Both constructs
(I272-C2A-I272 and I272-C2AB-I272) were confirmed by DNA sequencing.
The expression vector was transformed into Escherichia coli BL21(DE3) cells
(Novagen, Darmstadt, Germany). Transformed colonies were grown overnight
at 37C in 5 mL Luria-Bertani (LB) medium containing 100 mg/mL ampicillin.
The overnight culture was reinoculated into 1 L fresh Terrific broth (TB)
medium, and the cells were grown at 37C and induced with 400 mM iso-
propyl-beta-D-thiogalactopyranoside (IPTG) when the OD600 reached 0.7.
The cells were collected by centrifugation, quick frozen in liquid nitrogen,
and stored at80C. A total of 5 g of cells were sonicated in 50 mL lysis buffer
(1 phosphated-buffered saline (PBS), pH 7.4, 1 mg/mL lysozyme, 0.1 mg/mL
DNase I) and centrifuged at 15,000 rpm for 30 min at 4C. The proteins were
purified by Niþ2 affinity chromatography, eluted with elution buffer (1 PBS,
250 mM imidazole, pH 7.4), concentrated to 6 mg/mL, and stored at 4C.
Cloning and expression of C2AB and titin I27
domains for chemical denaturation experiments
The C2AB domain of human Syt1 (residues 140–418) was amplified
from a human hippocampus QUICK-Clone cDNA library (Clontech, Moun-
tain View, CA) by PCR using the following primers:
50GGATCCGAGAAACTGGGAAAACTTCAGTATTCACTGGATT
ATG 30
30 TCACTATTACTTCTTGACGGCCAGCATGGC50
The PCR reactions were gel purified and cloned into the pCR2.1 TA-cloning
vector (Invitrogen). The gene was excised from pCR2.1 with BamHI and
EcoRI, and then subcloned into pGEX-4T (GE Healthcare Life Sciences, Chal-
font St. Giles, UK). The recombinant vectorwas transformed intoE.coliRosetta
cells (Novagen). Heterologous gene expression was induced by adding 400mM
IPTG to a culture in 1 L TB for 4 h at 37C. C2AB was initially purified using
glutathione S-transferase (GST) affinity resin and cation-exchange chromatog-
raphy. The GST tag was removed using human a-thrombin (50 U/mL total
protein), and final purification was carried out using a gel filtration column
(Superdex 75; GE Healthcare Life Sciences). The purified C2AB was concen-
trated to 24 mg/mL, divided into aliquots, and quick frozen in a liquid nitrogen
bath. Samples were stored at80C. The titin I27 was cloned and expressed as
described previously (24). The purity of the proteins was confirmed by sodium
dodecyl-sulfate-polyacrylamide gel electrophoresis.
Single-molecule AFM
The mechanical properties of single proteins were studied using a homebuilt
single-molecule AFM as described previously (16,24–27). The spring
constant of each individual cantilever (silicon nitride gold-coated cantilevers,
MLCT-AUHW; Veeco Metrology Group, Santa Barbara, CA) was calculated
using the equipartition theorem (28). The cantilever spring constant varied
between 30 and 50 pN/nm, and the root mean-square force noise (1 kHz band-
width) was ~15 pN. Unless noted, the pulling speed of the different force-
extension curves was in the range of 0.5 to 0.7 nm/ms. The loading rate
was calculated by multiplying the pulling speed (nanometer/second) by the
cantilever spring constant (piconewton/nanometer).
Single protein mechanics
In a typical experiment, a small aliquot of the purified proteins (~1–50 mL,
10–100 mg/mL) was allowed to adsorb to a clean glass coverslip (~10 min)
Force Unfolding of Synaptotagmin 1 C2AB 1085and then rinsed with PBS at pH 7.4. We also tested other substrates such as
Ni-NTA-coated surfaces (29). We found that C2 protein constructs adsorbed
well to glass, gold-coated glass, or Ni-NTA-coated coverslips. We obtained
identical data with these different substrates. Proteins were picked up
randomly by adsorption to the cantilever tip, which was pressed down onto
the sample for 1 to 2 s at forces of several nanonewtons and then stretched
for several hundred nanometers. The probability of picking up a protein
was typically kept low (<1 in 50 attempts) by controlling the amount of
protein used to prepare the coverslips (see Methods in Supporting Material).
In AFM experiments, the unfolding force depends on the pulling direction
(30). The magnitude of this geometrical error can be significant for long
proteins. For the polyproteins used in this study, however, the maximum
error due to the pulling geometry in the measurement of the increase in
contour length upon unfolding is < 1% (30).
Equilibrium denaturation of the I27
and C2AB domains
The stability of the 127 and C2AB domains was determined by using equilib-
rium guanidinium chloride (GdmCl) denaturation. The experiments were
carried out at 28C in PBS buffer. Protein concentration was 1–2 mM. The
C2AB protein has an emission maximum ~345 nm (data not shown), suggest-
ing that the tryptophan residues are relatively exposed to the solvent. The C2A
domain does not have a buried tryptophan residue, whereas the C2B domain
does. Hence, the fluorescence emission comes from the buried tryptophan
residues in C2B, and the denaturation signal results mainly from the C2B
domain. Unfolding was monitored by change in fluorescence at 345 nm for
C2AB and at 320 nm for I27 (excitation 290 nm) using a spectrofluorimeter
(LS-50B; Perkin-Elmer, Waltham, MA). Protein samples were incubated at
various GdmCl concentrations overnight to ensure that equilibrium was
achieved. The emission spectra were stable after 12 h, demonstrating that
the fraction of folded and unfolded molecules had reached equilibrium. In
addition, the emission spectra for C2AB at a GdmCl concentration >3 M
did not change, indicating that the majority of the molecules were unfolded
above this concentration.
Steered molecular dynamics (SMD) simulations
We simulated the unfolding of C2AB using steered molecular dynamics
(SMD) as implemented in NAMD (31,32). Coulombic forces were restricted
using the switching function from 10 A˚ to a cutoff at 12 A˚. The CHARMM22
force field was used throughout the simulations. C2AB (Protein Data Bank
code 2R83) was solvated in a water sphere with a boundary of 15 A˚. The
system was charge neutralized by adding Naþ and Cl ions. The total ionic
strength of the system corresponded to a final concentration of 0.1 M. This
simulation contained a total of 13762 atoms. The system was then minimized
with 1000 steps of conjugate gradient minimization from an initial tempera-
ture of 310 K. This step was followed by a 400 ps MD simulation to equili-
brate the entire system (protein, water, and ions). For the SMD portion of
the simulation, a spring constant k of 10 kBT A˚
2 was used. Simulated force
was applied by fixing one termini of the protein and moving the SMD atom
with constant velocity along a predetermined vector. The trajectories were
recorded every 2 fs and analyzed with VMD. The C2AB fragment of Syt1
was stretched at a constant velocity of 0.001 A˚ ps1 and was followed for
~260 A˚. We ran three simulations of the extension of C2AB in both pulling
directions (N/C and C/N) with similar results.
RESULTS
Equilibrium denaturation of C2AB
and titin I27 domains
As a first step to analyze the stability of the C2AB domains,
we used chemical denaturation with GdmCl and steady-statefluorescence techniques to determine the thermodynamic
stability of the domains. As a reference, we used the titin
I27 domain, which has been extensively studied using both
chemical and mechanical denaturation techniques (24,33–
35). Furthermore, both the I27 domain and the C2 domain
are similarly sized b-sheet domains that are constructed
around a central Greek-key folding motif (12,36). In the
crystal structure of C2AB (Fig. 1 A), two of its three trypto-
phan residues are exposed to the solvent (yellow). C2A
possesses a single solvent-exposed tryptophan (W259),
whereas C2B has both a solvent-exposed tryptophan
(W404) and a partially buried tryptophan (W358). Therefore,
the main contribution to the fluorescence intensity and emis-
sion arises from the buried tryptophan in C2B (orange). The
I27 domain of titin has a single, buried tryptophan residue
(Fig. 1 B). As shown by the denaturation curve in Fig. 1 C,
the C2AB protein readily denatures when exposed to GdmCl
(black squares). The fluorescent signal rapidly changes
between ~1 and 2 M GdmCl, with a [D]50% ~1.6 M. In
contrast, the denaturation curve for I27 shows [D]50% ~2.7 M
GdmCl (Fig. 1 C (37)). The simplest explanation for this
~twofold difference in [D]50% is that the C2B domains are
thermodynamically less stable than the titin I27 domain.
Mechanical stability of domain C2AB
To measure the single-molecule mechanical properties of the
C2AB domains of Syt1, we constructed a protein chimera
consisting of a C2AB module flanked on the N- and C-termini
by two I27 domains (I27)2-C2AB-(I27)2. Fig. 2 A shows that
stretching of the (I27)2-C2AB-(I27)2 polyprotein results in
a force-extension curve with a characteristic sawtooth pattern
with several force peaks. We found that most recordings
showed two levels of unfolding forces (Fig. 2 A): low force
peaks (~10–150 pN) and high force peaks (150–250 pN).
To establish a molecular fingerprint for each domain in the
protein chimera, we analyzed the spacing between peaks in
the sawtooth patterns. We used the worm-like chain (WLC)
model for polymer elasticity, which predicts the entropic
restoring force F generated upon the extension x of a polymer
(38,39). The thin red and black lines in Fig. 2 A correspond to
fits of the WLC equation to the curve that precedes each force
peak. The I27 domains have been shown to unfold at forces of
~200 pN and produce an increase in contour length (DLc)of
~28 nm upon unfolding (13,24). Hence, in this recording,
the last four force peaks must correspond to the titin I27
domain and the first two force peaks to C2 domains. As shown
in Fig. 2B, we observed a wide range ofDLc values (from ~25
to 60 nm) for C2 domains, with a meanDLc of 435 8 nm (n¼
98). An unfolding force histogram (Fig. 2 C) showed that C2
domains unfold at forces of 62530 pN (n¼279; red), a value
that is threefold lower than the titin I27 domain (1885 29 pN,
n¼ 264; black). Furthermore, a loading rate-dependence plot
comparing the I27 domain with the C2 domains confirms that
this threefold lower unfolding force is maintained over a wideBiophysical Journal 96(3) 1083–1090
1086 Fuson et al.FIGURE 2 Mechanical properties of
C2AB. (A) Typical force-extension
curve obtained after stretching a I272-
C2AB-I272 protein. The I27 domains
unfold at forces of ~190 pN and
produces an increase in contour length
(DLc) of ~28 nm. These values were
identified by measuring the spacing
between force peaks using the WLC
equation (thin black lines). In this
recording, four I27 domains are
unfolded, and the first force peaks
must correspond to the unfolding of
C2 domains. (B) For C2 domains, we
measured a DLc of ~43 5 8 nm (n ¼
98). (C) An unfolding force histogram
shows that C2 domains must unfold at
forces of 62 5 30 pN (n ¼ 279; red),
a value that is threefold lower than
that for I27 (188 5 29 pN, n ¼ 264;
black). (D) A plot of unfolding force
versus the loading rate shows that the
threefold difference between C2 and
I27 domains is maintained over a wide
range of loading rates.range of loading rates (Fig. 2 D). These data demonstrate that
C2 domains have a lower mechanical stability than titin I27
domains.
Mechanical stability of C2A domains
Although we can confidently discriminate between C2
domains and the I27 titin domain with these data, the identity
of the individual C2 domains in these recordings cannot be
established at this point. To unambiguously identify the force
peaks from each C2 domain, we constructed a polyprotein
chimera that contains one repeat of C2A and two flanking titinBiophysical Journal 96(3) 1083–1090I27 domains. Fig. 3 A shows two examples of force-extension
curves obtained after stretching I272-C2A-I272 proteins. We
demonstrated that most C2A domains unfolded in a two-state
manner, with aDLc of ~40 nm (39.65 4.5 nm, n¼ 51). This
finding corresponds well with the predicted DLc, which is
~40 nm. This calculation was carried out by assuming that
the length of a single stretch of amino acids (aa) is
~0.36 nm (40), which corresponds to the separation of the
Ca atoms of two adjacent aa in the extended conformation.
For C2A, therefore, we calculated 124 aa  0.36 nm/aa ¼
44.6 nm. We subtracted the diameter of the folded domain
(4 nm) from this value, giving a theoretical contour length ofFIGURE 3 Mechanical properties of C2A. (A) Two
examples of force-extension curves obtained after stretch-
ing I272-C2A-I272 proteins. The thin lines correspond to
fits to the WLC equation. In the example shown on the
right, the C2A force peak precedes a low force peak. (B)
Histogram of increases in contour lengths measured for
the C2A domain. Most domains unfold in an all-or-none
fashion in which the DLc is ~40nm (39.6 5 4.5 nm,
n ¼ 51). However, we also observed ~38% (31 of 82
recordings) of domains unfolded through an intermediate,
which contributes to an increase in contour length of
~7 nm (7.45 3.5 nm, n¼ 31; blue bars). (C) An unfolding
force histogram shows that C2A domains have unfolding
forces of 515 14 pN (n ¼ 78).
Force Unfolding of Synaptotagmin 1 C2AB 108740.6 nm, which is very close to the experimental one. This
value is also similar to that measured for C2A polyproteins
(41). The recording shown in the left panel (Fig. 3 A, left) is
a representative example. In these recordings, the C2A
unfolded at forces of ~50 pN (51 5 14 pN; n ¼ 78; Fig. 3
C). However, we also observed that ~40% of C2A domains
unfolded in a more complex pattern, as shown in the right panel
of Fig. 3 A. In these cases, the domain unfolded in two steps:
The first step elongated the protein by ~7 nm (7.45 3.5 nm,
n ¼ 31; blue bars) and the second step elongated the protein
by ~36 nm. We interpret this pattern as the C2A domains un-
folding through a mechanical unfolding intermediate: native
to intermediate state (N/ I) followed by an intermediate to
unfolded state (I/ U). The origin of this unfolding interme-
diate remains unclear, but it may correspond to the first two
b-strands of C2A unfolding before the core (see below).
Speed dependence of C2A versus C2B
Now that we have established the mechanical fingerprint for
C2A, we can reanalyze the C2AB data shown in Fig. 2. The
C2A domain unfolds at forces of ~50 pN and, at times,
through a mechanical unfolding intermediate. This observa-
tion describes the mechanical ‘‘fingerprint’’ of the C2A
domain. For example, stretching the (I27)2-C2AB-(I27)2
protein results in a sawtooth pattern with six force peaks
(Figs. 2 A and 4 A). We identify the first force peak as the
C2A domain, the second peak as the C2B domain, and the
last four peaks as I27 domains. Using this mechanical finger-
printing approach, we find that the C2B domain unfolds at
higher forces than the C2A domain. Fig. 4 B shows a histo-
gram for unfolding forces for the peaks identified as C2A
(gray bars) and C2B (red bars); the average unfolding forces
are ~50 pN (495 18 pN, n¼ 91) and ~100 pN (1065 23 pN,
n ¼ 110), respectively. There is some overlap between the
force histograms of C2A and C2B. Because of the stochastic
nature of the unfolding patterns, the C2 domains may some-
times be misassigned. This error can be minimized by
analyzing sawtooth patterns where the force peaks corre-
sponding to C2 domains are distinct, as shown in Fig. 4 A.
In this example, the first two unfolding peaks in the sawtooth
pattern are clearly different: The first peak (marked with
a dotted black arrow) shows an unfolding intermediate, and
the main unfolding event is observed at a lower force than
the second force peak (marked with a dotted red arrow).
Here, we assign the first peak as the C2A domain and the
second peak as the C2B domain.
We now can study the mechanical properties of each
domain separately under different conditions. One important
variable is how the unfolding forces vary with the loading rate.
Fig. 4A shows an experiment carried out at 250 pN/ms, which
is 10 faster than the normal loading rate. The sawtooth
pattern is similar to that obtained at 25 pN/ms except that
the unfolding forces are ~1.5 higher. A plot of the loading
rate dependence (Fig. 4 C) shows that a 100-fold increase inFIGURE 4 Mechanical properties of C2A versus C2B domains. (A)
Force-extension curve obtained after stretching a I272-C2AB-I272 protein
at 5 nm/ms. We identified the first peak as the mechanical unfolding of
the C2A domain and the second as the unfolding of the C2B domain. (B)
Unfolding force histogram for C2A (black) and C2B (red) domains. The
average unfolding forces are ~50 pN (49 5 18 pN, n ¼ 91) and ~100 pN
(1065 23 pN, n ¼ 110), respectively. (C) Plot of unfolding forces versus
loading rate for C2A (black squares), C2B (red triangles), and I27 (open
circles). A 100-fold increase in loading rate increases the unfolding forces
by 60 pN for C2A, 96 pN for C2B, and 93 pN for I27.Biophysical Journal 96(3) 1083–1090
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and 96 pN for C2B. These results further demonstrate that the
C2A and C2B domains of Syt1 have distinct mechanical prop-
erties.
Molecular basis for differences between C2A
and C2B
To formulate a domain-level explanation for the differences
between C2A and C2B domains, we simulated the extension
of C2AB using SMD (32,42). For this simulation, we fixed the
Ca position of residue 140 in C2A and extended the chain by
applying an external pulling force on residue 414 in C2B.
These forces were applied by harmonically restraining the
C-terminal Ca atom of C2B and moving that point at
a constant velocity along a defined vector. In Fig. 5, we pulled
the human Syt1-C2AB structure at a constant velocity of
0.001 A˚ ps1 for 200 A˚. The initial events noted in this simu-
lation are b1 and b2 decoupling from the one side of the
b-sheet in C2A. Because b2 is linked to loop 1, the shape of
the Caþ2-binding pocket was severely distorted. Loop 1 is
one of the three Caþ2/phospholipid binding loops in Syt1,
because it has two of the five Caþ2 binding residues of C2A
(Asp-172 and Asp-178) and one of the hydrophobic residues
known to interact with phospholipids (Met-174). The C2B
domain was not distorted to the same degree over the same
time period. We obtained similar results regardless of pulling
direction and speed. In this series of simulations, we demon-
strated that C2A denatures first, followed by C2B, which is
consistent with our force spectroscopy results.
DISCUSSION
The C2A and C2B domains of Syt1 are similar with respect to
their overall sequence similarity and their three-dimensional
structures. In addition, they bind Caþ2 and phospholipids
with similar affinities, yet they play different roles in exocy-
FIGURE 5 SMD simulation of C2A and C2B domains. Two snapshots of
the extension C2AB (residues 140–414) pulled at a constant velocity of
0.001A˚ ps1 over 20 nm. The fixed atom was in residue 414 in C2B. The
top structure represents the initial conformation of C2AB, and the bottom
structure represents the conformation after 200 A˚ in the simulation. The
red sphere corresponds to the fixed atom, and the green sphere and arrow
correspond to the moving atom. The Caþ2-binding residues of C2A are high-
lighted as sticks. The Figure was rendered using VMD and Tachyon.Biophysical Journal 96(3) 1083–1090tosis (19). This observation implies that there are marked
differences between the two domains that are crucial to func-
tion, yet not obvious with respect to their primary or tertiary
structure. To probe these differences, we analyzed the C2
domains of Syt1 using single-molecule AFM. Our analysis
shows that 1), the C2 domains are thermodynamically less
stable compared to other b-sheet domains; and 2), the C2A
and C2B domains have different mechanical stabilities. The
C2B domain is relatively strong and unfolds at ~100 pN in
an all-or-none manner. The C2A domain, in contrast, is signif-
icantly weaker and tends to unfold in two steps through
a mechanical unfolding intermediate.
The stability of human Syt1-C2 domains
To examine the stability of the C2AB portion of Syt1 relative
to control domains, we analyzed the C2AB domains of Syt1
and the I27 domain of titin using steady-state chemical dena-
turation. Our analysis of the C2AB domains of Syt1 shows
that the C2 domains of Syt1 are thermodynamically less
stable than the I27 domain of titin. Because the C2A domain
lacks an appropriate environmentally sensitive fluorophore,
we relied on the partially buried Trp in C2B. This experiment
showed that the C2B domain, as a part of C2AB, is signifi-
cantly less stable than titin I27 domains. This finding is an
interesting result because the I27 domain and both C2
domains are of similar size and overall fold.
Our single-molecule AFM results show that C2 domains
are also less stable than I27 titin domains. The relatively low
resistance to mechanical forces of C2 domains lies in their
topologies. The C2 domain topology lacks the force-bearing
terminal b-strand architecture of the I27 domain (42). The
hydrogen bonds holding C2 domains together are parallel to
the axis of extension, and so they are in a ‘‘zipper-like’’ config-
uration (42). This finding implies that the bonds must break
sequentially, causing the strands to separate at a lower force.
C2B has a higher mechanical stability than C2A
Because the two C2 domains of Syt1 possess similar
topology, one would expect both to possess similar mechan-
ical properties; however, we found that C2A unfolds at
~50 pN, whereas C2B unfolds at ~100 pN. One possible
explanation for these differences is the presence of the helix
A within the C2B fold (Fig. 5). Based on the SMD simula-
tions, we discovered that the helix A stabilizes b8 by contrib-
uting additional H-bonds and hydrophobic interactions with
core packing residues. b8 forms backbone H-bonds with b1
to form one edge of one b-sheet of the C2B domain; stabi-
lizing this interaction, therefore, would add strength to the
entire domain. A total of 16 different isoforms of synaptotag-
min have been identified within the human genome, and all
have residues that correspond to the helix A in their respective
C2B domains (43). Therefore, it is likely that the difference in
mechanical responsiveness between the C2A and C2B
domains is a common property of all synaptotagmin isoforms.
Force Unfolding of Synaptotagmin 1 C2AB 1089Mechanical unfolding intermediate in C2A
We observed that ~40% of C2A domains unfolded in a more
complex pattern, as shown in the right panel of Fig. 3 A. In
these cases, the domain unfolds in two steps: The first step
elongates the protein by ~7 nm (7.45 3.5 nm, n ¼ 31; blue
bars), and the second step elongates the protein by ~36 nm.
We interpret this pattern as the C2A domains unfolding
through a mechanical unfolding intermediate: native to inter-
mediate state (N / I) followed by an intermediate to un-
folded state (I/ U).
Mechanical unfolding intermediates have been observed in
other b-sandwich folds such as FNIII (44) and filamin (45).
By analyzing both the wild-type and mutant forms of 10FNIII,
Li et al. (44) demonstrated that the unfolding intermediate
observed in 10FNIII was due to the A and G b-strands detach-
ing from the domain followed by the unfolding of the
remainder of the protein. They concluded that the interme-
diate in FNIII could protect the domain from complete unfold-
ing in response to an applied force (44). In contrast, our data
suggest that the unfolding intermediate is not very stable,
because the initial peak has a low force value (<30 pN).
C2A may readily respond to stretching forces by partially
unfolding the first ~20 aa, which may correspond to b1 and
b2 in Fig. 5. Interestingly, because b2 is linked to the Caþ2-
binding loop 1, this unfolding event might be important to
modulate Caþ2/phospholipid binding in C2A but not in C2B.
Potential effects of mechanical forces on Syt1 C2
domain Caþ2-binding loops
How can the different stabilities between C2A and C2B fit
into the exocytotic pathway? Although synaptotagmin has
been identified as a Caþ2 trigger for exocytosis (46–48), there
is also evidence that it participates in a more direct way by
mediating the final step in fusion pore formation (49–51).
The force difference that we measured by single-molecule
AFM could mimic the strain that Syt1 experiences during
regulated exocytosis. In the simplest scenario, we assume
that one end (the N-terminal) is anchored to the synaptic
vesicle membrane and that the other end is bound to the
plasma membrane lipids and the SNARE complex through
the C2 domains. When the fusion machinery pulls a vesicle
toward the presynaptic terminus, the Syt1 protein experiences
a strain due to its linkage between the vesicle and its interac-
tions with the target phospholipid bilayer and/or the SNARE
complex. This linkage could restrain motion of the C2
domains of Syt1, thereby inducing mechanical strain. The
induced strain could have a significant effect on Syt1 function.
For example, a force applied to C2A could easily perturb the
structure of loop 1 in C2A after it binds to the target
membrane, thus delocalizing any calcium ions within the
Caþ2-binding pocket. SMD simulations of 10FNIII suggest
that a force applied to one terminus of the domain results in
a deformation of the integrin-binding loop. A shortening of
this loop could potentially reduce the accessibility to itsbinding partners, thereby modulating its affinity (52). In the
case of Syt1, the divalent cation-binding pocket of C2A
provides the negatively charged quenching field to cancel
the charge from the Caþ2. This quenching field would be
dependent on the tertiary structure of the domain (53). Modi-
fication of this quenching field would spontaneously cause
a buildup of a strong, localized electric field within the
membrane at the site of exocytosis (54,55). Based on our
SMD results, which are shown in Fig. 5, we hypothesize
that a relatively small stretching force may be sufficient to
deform the Caþ2-binding loop and SNARE bindings regions
of C2A. These built-in mechanical sensitive switches may be
important in modulating the affinity for Syt1 binding partners.
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